The binding of a species-specific transcription initiation factor (TIF) and purified RNA polymerase I to the promoter region of the 39S ribosomal RNA gene from Acanthamoeba were studied by using DNase I "footprinting." Conditions were chosen such that the footprints obtained could be correlated with the transcriptional activity of the TIFcontaining fractions used and that the labeled DNA present would itself serve as a template for transcription. The transcription factor binds upstream from the transcription start site, protecting a region extending from around -14 to -67 on the coding strand, and -12 to -69 on the noncoding strand. The protein that binds to DNA within this region can be competed out by using wild-type promoters but not by using mutants which do not stably bind the factor. RNA polymerase I can form a stable complex in the presence of DNA and transcription factor, allowing footprinting of the complete transcription initiation complex. RNA polymerase I extends the protected region obtained with TIF alone to around + 18 on the coding strand, and to +20 on the noncoding strand. This region is not protected by polymerase I in the absence ofTIF. The close apposition of the regions protected by TIF and polymerase provides evidence that accurate transcription of the ribosomal gene may be achieved through protein-protein contacts as well as through DNA-protein interactions.
Transcription initiation of eukaryotic genes in vitro requires the presence of at least one protein factor in addition to RNA polymerase and a promoter-containing DNA fragment (1) (2) (3) . For class II, III, and possibly class I genes, one or more of the transcription factors acts through stable interaction with the gene promoter regions (4) (5) (6) , allowing correct initiation by the polymerase. The details of this process differ considerably between different gene classes, with respect to the sequence and positioning of promoter regions as well as the number of factors thought to be required for transcription.
Control regions for polymerase II, and to some extent polymerase III, show promoter sequence homology when comparisons between species are made (7, 8) . In contrast, the promoter sequences involved in polymerase I transcription are highly diverged, making identification of regulatory sequences by comparison of conserved regions difficult.
Studies on ribosomal gene promoters do, however, show that a region flanking the 5' side of the initiation start site is required for transcription (9) . Part of this region functions by interaction with protein components of the system to form a stable complex that commits the template for correct transcription (6, (10) (11) (12) . In the Acanthamoeba rRNA genes, the sequence required for template commitment extends from around -20 to -47, and it can be divided into two regions: one (A region) is absolutely required for transcription, and the other (B region) is involved with the stability of a preinitiation complex formed between the DNA and a transcription initiation factor (TIF) (6) . A third region flanking the start site is important for initiation by polymerase I (6) . Since polymerase is unable to initiate transcription in the absence of transcription factor(s), it is likely that at least part of the control region functions through binding of factors, with a distinct region serving as a polymerase binding site.
DNase I "footprinting" (13) has been used as a probe for a wide variety of DNA-binding proteins, allowing identification ofthose DNA sequences that are in a stable complex. We have utilized this approach to determine the DNA binding sites both for the transcription initiation factor and for purified RNA polymerase I in the transcriptional initiation complex. Our results suggest a mechanism of promoter recognition by polymerase in which protein-protein interaction may augment protein-DNA interaction in transcription initiation.
EXPERIMENTAL PROCEDURES
Preparation of TIF and RNA Polymerase I. Acanthamoeba TIF was prepared by fractionation of the nuclear pellet obtained from the initial homogenate during preparation of RNA polymerase I (14), as described in the text.
DNA Templates. Plasmids pBR322, pSBX60, pSBX60i, pSBX60i dl 5'-32, and pSBX60i dl 5'-26 (6) and pEBH10 were isolated by using standard techniques (15) . Templates for footprinting were end-labeled using T4 polynucleotide kinase (15) , recut to give a single labeled end, and the appropriate DNA fragments were purified by polyacrylamide gel electrophoresis (see Fig. 1 ).
In Vitro Transcription. Transcription assays were performed essentially as described (6, 16) , with the following exceptions: reactions were in a final vol of 50 ILI containing 20 mM Tris HCl, pH 7.9/150mM KCl/10 mM MgCl2/0.5 mM dithiothreitol/500 ,uM each of ATP, GTP, and UTP/5 ,uM [a-32P]CTP (10 Ci/mol; 1 Ci = 37 GBq). TIF (0-20 ,ul), 0.03 units of RNA polymerase I, 12.5 ng of pBR322/Sal I, and 2 ng ofpurified DNA fragment were used in each assay. Assays were at 27°C for 20 min.
DNase I Footprinting. Footprinting reactions were carried out under the same conditions as the transcription assays except nucleotides and RNA polymerase were omitted, or they were done as indicated in the figure legends. TIF and/or RNA polymerase I were incubated with 5000-40,000 cpm (2 ng) of labeled DNA for 15 min at 27°C prior to addition of 1-2 ,g of DNase I (Worthington DPFF) and digestion for 30 sec at 27°C. Reactions were terminated by adding NaDodSO4, sodium acetate (pH 5.2), and tRNA to final concentrations of 0.2%, 0.3 M, and 50 ug/ml, respectively. After extraction with phenol and chloroform, samples were analyzed on 8% sequencing gels and by autoradiography (17) . Sequencing Abbreviations: TIF, transcription initiation factor; bp, base pair(s). *To whom reprint requests should be addressed. 8004 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. ladders produced by the G reaction of Maxam and Gilbert (17) were used to align bands on all footprinting gels.
RESULTS
Templates and TIF Preparations Used. We initially attempted to obtain a footprint of the Acanthamoeba rDNA promoter by using TIF prepared by phosphocellulose chromatography of cytoplasmic (6, 16) or nuclear extracts (unpublished data). These preparations, while transcriptionally active, did not show protection of DNA from digestion by DNase I, presumably because of an insufficient concentration of TIF or because of nonspecific competition for DNA binding sites by other proteins in the extract. Accordingly, the TIF used here was prepared by polyethyleneimine precipitation of a 0.15 M KCl extract of the nuclear pellet from an RNA polymerase I crude extract (14) , followed by chromatography on phosphocellulose, cibacron-blue agarose, DEAE-cellulose, and a second phosphocellulose column. This procedure, to be described in greater detail elsewhere, resulted in highly active, but still impure, TIF and a purification of -20,000-fold relative to a whole-cell extract.
A diagram of the DNA fragments used for footprinting is shown in Fig. 1 . All fragments were prepared from pSBX60 or pSBX60i, which differ only in the orientation of the insert (6), or pEBH10, containing a larger rDNA insert than the former two plasmids. Transcription of the first template (Fig.  1A) , proceeding toward the Nru I site of pBR322, produces a 49-base runoff, while transcription of the second template (Fig. 1B) gives a 307-base runoff, proceeding toward the Sal I site of pBR322. The 74-base-pair (bp) insert contained in these fragments is sufficient to support accurate transcription and template commitment at a level identical to templates containing larger rDNA inserts (16) . Both pSBX60 and pSBX60i were labeled at the Nru I site, allowing footprinting of both strands. pEBH10 was labeled at the EcoRI site for noncoding-strand footprinting or at the HindIII site for coding-strand footprinting.
Transcription Under Footprinting Conditions. DNase I footprinting measures the degree of protection from DNase I digestion conferred by protein bound to a specific site along a uniquely end-labeled DNA fragment (13) . For the results obtained to be meaningful, there must be some indication that protection of DNA is relevant to the process being studied. In many cases, DNA sequences protected are implicated in a process by genetic data, but it is still necessary to demon- strate that a footprint reflects a functionally active complex in vitro. This may be especially important when partially purified proteins are assayed for DNA-binding under nonstandard conditions. As a control experiment, we tested the amount of transcription obtained from the small amounts of DNA fragments used for the footprinting experiments described below. Fig.  2 shows that accurate transcription occurs under the conditions used for footprinting, demonstrating a functionally active complex. The amount of transcription obtained reflects the amount of TIF preparation added, and it appears to plateau late in the titer. We had previously determined that the amount of polymerase added was in excess, so the assay would reflect the formation of TIF complexes.
DNase I Footprinting of TIF Complexes. Workers in this laboratory have demonstrated that at least one component, other than RNA polymerase I, present in cell extracts is capable of forming a stable complex with rDNA from Acanthamoeba (6) . Deletion of parts of the rDNA suggested that the binding site is located within a DNA region extending from -20 to -47. If so, this region should be protected from DNase I digestion in the presence of TIF.
The pattern of bands obtained from DNase I digestion of the promoter-containing fragment in the presence of increasing amounts of TIF is shown in Fig. 3 . In the absence of TIF, a continuous ladder of fragments is generated, with a few bands overrepresented (Fig. 3, lanes 1 and 6) . In the presence of TIF, protection from digestion on the coding strand (transcribed strand) is obtained between nucleotide positions -14 and around -65 (Fig. 3A, lanes 2-5) . The extent of protection is dependent on the amount of TIF used in each reaction and appears to correlate reasonably with the level of transcription obtained with equivalent TIF concentrations (Fig. 2) . To maintain the overall extent of digestion constant in the presence of various amounts of TIF, we found that it was necessary to include linearized pBR322 DNA. This had no effect on the positioning of the footprint. It is presumed that the effect of carrier DNA is to reduce nonspecific binding of the labeled DNA by proteins present in the TIF preparation.
Protection of the nontranscribed strand by TIF extends from position -12 to around -65 (Fig. 3B, lanes 2-5) . Protection from DNase I on this strand is accompanied by slight enhancement of cutting at several positions between -10 and +20. In general, the protection of the noncoding strand is less complete than that of the coding strand, although reproducible protection was obtained. We have not been able to clearly define the 5' boundary ofthe footprint on the nontranscribed strand because the reappearance of the control level of digestion is gradual rather than a sharp transition (see below). It is clear that a component of the TIF preparation binds tightly to both strands of the DNA, protecting a region of =50 bp.
DNA Binding Is Sequence Specific. We wanted to test whether the DNA footprinting activity of the presumptive TIF had the same sequence specificity as template commitment (6) because it is unlikely that a random interaction with DNA would show this property. In this experiment, TIF was incubated, prior to the standard footprint assay, with an excess of DNA fragments containing either the entire rDNA insert or 5' deletions extending into the TIF binding region. If the observed footprint results from the same DNA-protein interaction necessary for template commitment to transcription initiation (6) , then wild-type DNA fragments should prevent footprinting by binding all the available TIF, while the deleted templates should not affect the footprint. The 5' dl-32 deletion is able to support transcription, but it does not stably bind TIF. The 5' dl-26 deletion neither binds TIF nor supports transcription (6) .
. The results of this experiment are shown in Fig. 4 ; lanes 1-5 are from the coding strand, and lanes 6-10 are from the noncoding strand. Incubation of TIF with wild-type rDNA prior to footprinting completely prevents protection from DNase I digestion (compare lanes 2 and 3 and lanes 7 and 8 in Fig. 4) . Preincubation of TIF with either the 5' dl-32 or 5' dl-26 deletions did not affect the appearance of the footprint (Fig. 4, lanes 4, 5, 9 , and 10). The protection of DNA by TIF must, therefore, be dependent on a small region of DNA contained within the rDNA insert; the same region we showed indirectly to function by interaction with TIF to form a stable preinitiation complex (6) . These results render unlikely the possibility that the observed footprinting on both DNA strands is due to nonspecific protein-DNA interaction.
Binding of RNA Polymerase I to TIF Complexes. Fig. 5 shows the effect of adding increasing amounts of purified RNA polymerase I to a TIF-DNA complex. On the coding strand, polymerase extends the TIF footprint downstream to position +18, which includes the transcription start site (Fig.  5A, lanes 3-6) . The footprint was obtained at all polymerase concentrations tested, even though the protection obtained is not as clear as that afforded by TIF (Fig. SA, lane 2) . Polymerase protects a similar region on the nontranscribed strand (Fig. 5B, lanes 3-6) , extending the footprint obtained with TIF insert or several base pairs into the vector sequences flanking the insert. To be sure that these borders accurately identify the ends of the rDNA sequences protected from DNase I digestion, rather than artifactual borders resulting from weak interaction with vector DNA, footprinting experiments were carried out on DNA fragments containing much larger rDNA inserts. Fragments isolated from pEBH10 (Fig. 1C) contain Acanthamoeba rDNA sequences extending from -120 to +80. Fig. 6A shows the protection afforded by the TIF alone (lane 2 on the coding strand, lane 5 on the noncoding strand) and by TIF plus RNA polymerase I (lane 3 on the coding strand and lane 6 on the noncoding strand). The TIF protects a similar region on this wild-type DNA as on the truncated templates. The upstream borders are -67 on the coding strand and -69 on the noncoding strand, and the downstream border is -14 on the coding and -12 on the noncoding strand. Enhanced digestion of several sites downstream of the TIF footprint borders were also observed. Strong enhancements were observed at -5 and +8 on the coding strand and at -2, around + 10, and around + 16 on the noncoding strand, with additional weak enhancements at -6, -4, and +1 on the noncoding strand. Addition of RNA polymerase extended the footprint to + 18 and +20 on the coding and noncoding strands, respectively. On the noncoding strand, there is a major enhancement at approximately +35 upon addition of polymerase, while all of the enhancements resulting from TIF binding are eliminated.
DISCUSSION
We have shown that one or more components present in a partially purified TIF preparation binds to part of the promoter sequence ofAcanthamoeba rDNA. The protection can be correlated with the amount of transcription supported by TIF, making it likely that a functionally active complex is present under the conditions used for footprinting. A summary of the data is shown in Fig. 6B . The TIF footprint extends from position -14 to -67 on the coding strand, and from -12 to -69 on the noncoding strand.
The upstream portion of the promoter from Acanthamoeba rDNA can be subdivided into two regions termed A and B (6) . That these regions of the promoter affect the ability of TIF to bind to DNA is directly demonstrated by results described here. The protected region wholly contains the TIF interaction sequence defined biochemically (6) base pairs on either side of this region. Competition between DNA templates containing either wild-type or 5'-deleted promoter regions as measured by footprinting show a direct correlation between the ability of a template to commit and the physical binding of a protein to the A and B promoter regions. Furthermore, the competition experiments provide a strong indication that footprinting by the presumed TIF is highly sequence specific and is unlikely to result from adventitious binding by impurities present in the TIF preparation used. Template commitment also has been demonstrated in mouse and human systems (10) (11) (12) . Similarly, crude extracts of Xenopus oocytes contain DNA-binding proteins that alter digestion of rDNA promoter regions (18) . However, the inability to demonstrate a correlation between binding and transcriptional activity in the crude system makes interpretation of the results uncertain.
What is the nature of the component responsible for footprinting? The behavior of TIF on a wide variety of chromatography media suggest that it is a single protein; we have not observed a transcription requirement for more than one fraction, in addition to RNA polymerase I, following any purification step used. These results are in contrast to those obtained using mouse or human extracts, which suggest that two distinct fractions support accurate rRNA transcription by pol 1 (12, 19, 20) . The TIF giving a footprint in our system appears to correspond to the species-specific DNA-binding protein described elsewhere (12, 21) . The protection of -50 bp of DNA by TIF on both DNA strands would appear to indicate that a relatively large protein or multimer is involved, although we acknowledge that, as in the case of TFIIIa, protection ofthis size DNA fragment can be achieved by a Mr 38,000 protein (22, 23) . We have preliminary evidence, from sedimentation on glycerol gradients and size exclusion chromatography, that TIF has a native Mr around 250,000-350,000 (unpublished data).
Purified RNA polymerase I extends the protection obtained with TIF alone by -30 bp on either strand, with no discernible gap between the TIF footprint and that of the polymerase. The polymerase footprint extends only in the direction of the transcription unit. The footprint obtained with polymerase was consistently weaker than that ofthe TIF alone; addition of more polymerase did not increase transcription (unpublished data) or the clarity of the footprint. One possible explanation is that the polymerase complex is less stable than the TIF complex, allowing greater attack by DNase I, although other structural proposals are equally plausible. Since polymerase alone did not give any protection of the DNA fragments, the polymerase footprint obtained in the presence of TIF can be regarded as a transcriptionspecific complex. RNA polymerase apparently is able to recognize and bind to the TIF-DNA complex but not to promoter DNA alone.
The juxtaposition of the TIF and polymerase footprints is suggestive of close contact between the two molecules bound to the promoter. This statement must be qualified by the possibility that the steric constraints that apply to DNase I digestion of protein-DNA complexes might result in a footprint that is larger than the actual DNA region tightly bound to protein. The apparent closeness ofthe TIF and polymerase I footprints nonetheless provides support for the suggestion that promoter recognition by eukaryotic polymerases may be facilitated by protein-protein interactions in addition to protein-DNA recognition events (24) . One can envision the promoter recognition process to involve the formation of a preinitiation complex between the TIF and the promoter DNA. This involves sequence-specific contacts between the TIF and DNA and results in both species specificity and template commitment. The preinitiation complex is recognized by the polymerase through protein-protein and, perhaps, protein-DNA contacts. The various steps in the overall initiation process (recognition, binding, and phosphodiester bond formation) are not necessarily dependent solely on the same interactions. For example, formation of the first phosphodiester bond in transcription or DNA unwinding could be dependent on the DNA sequence at the transcription start site while, as shown here, the initial recognition of the promoter by polymerase is certainly augmented by TIF.
